Recent evidence in the literature suggest that signals carried by the glossopharyngeal nerve (GL), which supplies sensory and parasympathetic innervation of the posterior tongue, might be essential in the maintenance of normal gustatory responses to fat stimuli. Here, we report that GL transection (GLX) significantly decreased corn oil intake and preference in 23-h 2-bottle tests relative to sham-operated controls (SHAM).
Introduction
The taste bud cells of the posterior tongue are innervated by the glossopharyngeal nerve (GL). This accounts for approximately 60% of the total taste bud population in the oral cavity of the rat, yet the role of the GL in taste function remains to be completely understood. Transection of the GL (GLX) appears to have little effect, if any, on a range of taste-related behaviors. Psychophysically assessed detection thresholds for quinine (52) and NaCl (3), salt discrimination (10) , and concentration-dependent licking responses to quinine (50), sucrose, and maltose (48) measured presurgically in brief-access tests, were only marginally affected after GL transection, if at all. Although transection of the chorda tympani nerve, which innervates taste buds in the anterior tongue, alone or in combination with the greater superficial petrosal nerve, which innervates taste buds in the palate, substantially disrupts performance on several taste discrimination tasks tested in rats (20, 47, 51), transection of the GL does not (46) (47) 51) . It also appears that the GL is not necessary for maintaining normal sodium-specific, taste guided behavior (33).
Collectively, these findings suggest that input from the remaining taste afferents is sufficient in maintaining a wide variety of taste-related behaviors in the absence of the GL despite that this nerve innervates the majority of taste buds in the rat oral cavity.
Although transection of the GL is without effect on performance in many tastebased tasks, this is not to say that removal of the nerve is benign from the standpoint of all taste-evoked responses. The GL does appear to be involved in unconditioned tasteelicited oromotor rejection reflexes to quinine -a stimulus that humans report as "bitter" and rats avoid. The frequency of quinine-stimulated gaping is reduced by GL transection, whereas transection of the chorda tympani nerve, which innervates taste buds of the anterior tongue, has little effect (24, 53). In gustatory relay areas of the brain stem, Glossopharyngeal nerve transection and corn oil intake, 4 characteristic patterns of quinine-stimulated neuronal Fos expression in the nucleus of the solitary tract (26) and the parabrachial nucleus (29) are eliminated by transection of the GL (31, 54), whereas transection of the CT has much less effect (31). Behaviorally, transection of the GL was shown to moderately attenuate intake of a novel quinine solution during a 45-min drinking test by decreasing lick volume and burst size in water-restricted rats (49). Furthermore, it has been shown that rats without presurgical experience with quinine display moderately shifted concentration-response functions after transection of the GL compared to controls (34). Quinine-evoked gaping is normal in rats when the CT cross-reinnervates the posterior tongue in the absence of the GL, but is severely suppressed when the GL cross-reinnervates the anterior tongue in the absence of the CT.
This suggests that the effects of GL transection on certain quinine-evoked CNS and behavioral responses are due to the exceptional signal generated by the posterior tongue taste receptors, regardless of which nerve innervates them, upon application of this aversive stimulus (30). This conclusion is consistent with the dense expression of T2Rs in this oral taste receptor field (8) . Nevertheless, as noted above, some taste-related behaviors involving quinine are not affected much by gustatory deafferentation of the posterior tongue.
A comprehensive understanding of the role of the GL in taste function is wanting.
Recently, however, several lines of evidence suggest that signals carried by this nerve might be essential in the maintenance of normal gustatory responses to fat stimuli which brings us to the focus of the present report. First, the posterior tongue taste cells express both CD36, a lipid-binding transporter, which has been postulated to play a role in freefatty-acid taste transduction (18) (19) 32 ) and GPR120 (6, (35) (36) ) and GPR40 (6) , which are G-protein coupled fatty acid receptors thought to play a role in sensing dietary fat.
Glossopharyngeal nerve transection and corn oil intake, 5 Second, the von Ebner's glands, innervated by the GL and found at the base of the circumvallate and foliate papillae, secrete lingual lipase into the trenches (17, 25) .
Ingested fats are thought to be rapidly broken down by lingual lipase within 1-5 seconds (27). Thus, it is possible that transection of the GL would disrupt the oral hydrolysis of triacylglycerol. Third, transection of the GL in mice has been shown to decrease preference for 2% linoleic acid, a long chain polyunsaturated fatty acid known to block delayed rectifying K + channels in a subset of taste bud cells (21-22), in a 48-h two-bottle test (19) . Fourth, in this same study, mice lacking the GL displayed a decreased pancreato-biliary response to oral application of linoleic acid (19) .
Accordingly, the purpose of this study was to test whether rats that had bilateral transections of the GL nerve would decrease their intake of corn oil, a triacylglycerol composed of predominantly long chain polyunsaturated fatty acids, across a range of concentrations presented in a series of 23-h two-bottle tests (vs. water). Expecting an effect of the neurotomy, which as will be shown was confirmed, we sought to determine whether the decrease was due to decreases in the number of ingestive bouts (i.e., meals), the size of those bouts, or both. Having such knowledge would allow us to determine whether the loss of GL input was affecting processes that terminate meals or processes that initiate them. As a source of comparison we also tested a range of concentrations of a preferred non-lipid caloric stimulus, glucose.
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Materials and Methods

Subjects
Sixteen male Sprague-Dawley rats (Charles River Breeders, Wilmington, MA) with a mean weight of 324 ± 3.0 g at the time of surgery, were individually housed in polycarbonate cages with some modifications described below. Rats were housed in a room with automatically controlled temperature (21. 
Surgery
Rats were anesthetized with a mixture of ketamine hydrochloride (125 mg/kg body weight) and xylazine hydrochloride (5 mg/kg body weight) delivered via intramuscular injection. Supplemental doses were administered as necessary. For rats receiving glossopharyngeal nerve transections (GLX), the sublingual and submaxillary salivary glands and the sternohyoid, omohyoid and posterior belly of the digastric muscles were retracted. The fascia below the hypoglossal nerve was dissected near the external medial wall of the bulla, exposing the GL. Approximately 10 mm of the GL was cut and removed.
For rats receiving sham surgery (SHAM), the GL was exposed similarly to GLX surgeries, but the GL was not disturbed. In both surgical groups, procedures were conducted bilaterally and the incision was closed with sutures. Penicillin G Procaine suspension (30,000 units sc) and Ketorolac Tromethamine (2 mg/kg body mass sc) were administered for 3 days following surgery. At least ten days were allowed for recovery before rats were tested with novel taste stimuli.
Behavioral procedure
Rats received GLX (n=8) or SHAM (n=8) surgery and were placed in specially Baseline measures for food and water intake from two bottles were taken for at least four days before surgery. At least ten days were allowed for recovery from surgery before the rats were tested with novel taste stimuli presented at room temperature. Louis, MO) in 1000 ml mixtures for at least 2-min before presentation. Although with the use of the emulsifier the corn oil went into solution, over time there was some partial separation of the oil and water. Nevertheless, separation of corn oil mixed in this fashion appears to reach an asymptote at about 1.5 h (45) and most importantly all of the animals were treated identically.
In the two bottle test between glucose and water, the glucose was presented across the days in ascending order of concentration. At the end of the glucose testing, the rats were presented two days of water alone in both of the bottles. This was followed by the two bottle test between corn oil and water. Again, the concentration of the corn oil was presented in ascending order across days. Each concentration of glucose and corn oil was tested for 2 consecutive days. Intake was measured and the position of the bottles for each daily test was determined by an ABBA order across 4 day blocks. In addition to intake and preference, the total number of licks, the number of bouts, bout licks (mean number of licks per bout) and bout rate (number of bout licks divided by bout length) were compared using a two-way ANOVA (group x concentration). The mean data for each of the two sessions for a given concentration were averaged and used as Glossopharyngeal nerve transection and corn oil intake, 9
Data analysis
scores in the statistical analysis (α=.05). When a significant interaction was observed, pair-wise comparisons at each concentration were conducted using the false discovery rate procedure (2) .
Histology
At the conclusion of the experiment, rats were deeply anesthetized with sodium pentobarbital and transcardially perfused with saline followed by 10% buffered formalin.
The tongue was removed from each rat and placed in 10% buffered formalin. The circumvallate papilla was embedded in paraffin and sectioned on a rotary microtome.
These 10-μm sections were mounted on slides and stained with hematoxylin and eosin.
The circumvallate papillae sections for each tongue were analyzed under a light microscope by an observer unaware of the surgical condition of the rat to determine the presence or absence of intact taste buds. It is quite clear when the GL supply to the tongue has been interrupted because virtually the entire epithelium of the circumvallate papilla is devoid of taste buds; normally there are hundreds of taste buds. If very few intact taste buds were present, the number was quantified. If a GLX rat had more than 30 taste buds in the circumvallate papilla, it was discarded from the behavioral analysis (this did not occur). When numerous taste buds were observed in a given circumvallate papilla, they were not counted. The primary purpose of the histology was to simply confirm that GL transections were complete and regeneration had not occurred.
Results
Histology
Rats in the GLX group had very few taste buds in the circumvallate papilla when compared with SHAM rats. The mean number of taste buds in GLX rats was 1.8 ± 0.8 and the range was 0 -11. In contrast, the circumvallate papillae of SHAM rats were replete with many taste buds. These results indicate that the nerve transections were successful and that no significant regeneration occurred.
Glucose
Accompanying results of ANOVAS for glucose concentration-response functions for intake, licking and the various meal patterns can be found in Table 1 . Mean values for glucose intake were lower in GLX rats compared to SHAM rats, but did not reach significance (upper graph of Figure 1 ; Table 1 ). The total number of licks to glucose over daily 23-h sessions, however, was significantly lower in the GLX group compared with SHAM rats (lower graph of Figure 1 ; Table 1 ). A two-way ANOVA revealed a main group effect for preference but based on the significant group x concentration interaction this appears to be due to slightly lower preferences observed for the GLX group relative to the SHAM group only at the lower concentrations (top left graph of Figure 2 ; Table 1 ).
Nevertheless, even at the lower concentrations, pair-wise comparisons did not reveal significant group differences. From the nature of the curves, the lower total number of licks to glucose observed for the GLX compared with the SHAM rats is more likely attributed by a decrease in the number of licks during a bout (bout licks) rather than by a decrease in the number of bouts across the daily sessions (bottom left and top right graphs of Figure 2 ). A two-way ANOVA for mean bout licks, however, failed to reveal any Glossopharyngeal nerve transection and corn oil intake, 11
significant differences between the two groups. There was also no group difference for mean bout lick rate which was calculated by dividing the number of licks in a bout by the bout length (bottom right graph of Figure 2 ). Thus, across the concentration range, although there was evidence that preference for low concentrations was slightly attenuated and total number of licks for glucose was significantly lowered by the absence of GL input, this did not translate into significant differences in intake, or in any drinking pattern parameter measured.
Water intake during glucose sessions decreased as glucose concentration increased. A two-way ANOVA (Group x Concentration) revealed a main effect of concentration but not a main effect of group nor a significant interaction effect (middle graph of Figure 1 ; Table 2 ). Particularly at the higher concentrations of glucose, licking to water was negligible and in most cases did not meet the criteria for bout analysis.
Chow intake did not significantly differ between the two groups during glucose testing (Table 2 ), but did significantly decrease for both groups as glucose concentration was raised (upper graph of Figure 3) . Accordingly, the animals in both groups appeared to attempt to regulate their calories, but SHAM rats showed significantly higher intake of total calories from chow and glucose (middle graph of Figure 3 ; Table 2 ).
Although the body weight of rats in the GLX group did not significantly differ from those in the SHAM group on the day of surgery, these animals were significantly lighter on average compared with their controls during the glucose testing phase (lower graph of Figure 3 , Table 2 ). This is likely due to the initial drop in body weight in the GLX rats in the days soon after surgery and although GLX rats recovered their body weight they never caught up with SHAM rats. Nevertheless, because the body weight was different between the two groups during glucose testing, we conducted the above analyses with the scores divided by body weight. In general, this did not change the basic effects, but the main effect for an increase for total caloric intake failed to reach significance when scores were divided by body weight.
Corn Oil
In contrast to what was observed for glucose, the effects of GL transection on intake ( Figure 4) , preference, and licking pattern parameters ( Figure 5 ) for corn oil were much more striking ( Table 3) . Transection of the GL significantly decreased intake (top graph of Figure 4 ), total licks (bottom graph of Figure 4 ), and preference (top left graph of Figure 5 ) across the range of corn oil concentrations presented. As corn oil concentration increased, the number of bouts decreased for both surgical groups and there was no significant group difference (top right graph of Figure 5 ; Table 3 ). The lower corn oil intake in GLX rats compared with their SHAM controls appears to be due to a significantly lower bout size (number of licks per bout) rather than a group difference in the number of bouts.
Because there was an effect of concentration and a significant group x concentration interaction with respect to bout size, we ran separate one-way ANOVAs across concentrations for each group separately. This analysis revealed that the SHAM animals significantly increased their corn oil bout size across concentration (F(4,28)=7.478, p<0.001), whereas there was no effect of concentration in the GLX group (F(4,28)=0.340, p=0.848), a finding consistent with the flat shape of the concentration-response function.
Pair-wise comparisons revealed a significant difference between the groups for bout size at the highest corn oil concentration presented.
Interestingly, there was also no significant difference between the groups in the mean bout lick rate suggesting that there was no substantial difference in how vigorously the animals consumed the corn oil during bouts (bottom right graph of Figure 5 , Table 3) In fact, although there was tendency for corn-oil concentration to increase bout lick rate especially in the SHAM rats, there was no significant main effect of concentration nor was the interaction between group and concentration significant. Accordingly, corn oil did not seem to vary its potency to maintain uninterrupted licking by rats during bouts as a function of concentration in this testing context.
A two-way ANOVA (Group x Concentration) for water intake during corn oil sessions did not reveal a main effect of group, concentration nor a significant interaction effect (middle graph of Figure 4 ; Table 4 ).
Chow intake did not significantly differ between the two groups (Table 4) during corn oil testing (top graph of Figure 6 ) and remained relatively unchanged across varying corn oil concentrations. Thus, unlike what was seen during glucose testing, there was no evidence that SHAM rats attempted to regulate their caloric intake. The outcomes of the two-way ANOVA on total caloric intake indicates that the concentration-dependent increase in the SHAM group was greater than in the GLX group based on the significant main effects and interaction. Pair-wise comparisons conducted at each concentration revealed group differences in total caloric intake at 4% and 16% corn oil. Nevertheless, separate repeated-measures one-way ANOVAs conducted demonstrated that both groups increased their total caloric intake as corn oil concentration was raised (SHAM (F(4,28)=12.759, p<0.001); GLX (F(4,28)=5.153, p=0.003)).
Similar to body weights during glucose testing, GLX rats were significantly lighter on average compared with their controls during the corn oil testing phase (lower graph of Figure 6 , Table 4 ). As was done for the analysis from the glucose testing data, we
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conducted the above analyses with the scores divided by body weight. This did not change the basic significance of the outcomes of statistical tests.
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Discussion
Recent evidence in the literature suggests that signals carried by the glossopharyngeal nerve might be essential in the maintenance of normal gustatory responses to fat stimuli. Here, GL transection resulted in a decrease in both intake and preference for corn oil across a range of concentrations in a long-term two-bottle test.
These findings are consistent with a study in which mice with GL transection showed lower intake and preference for linoleic acid, a fatty acid component of corn oil, compared with controls (19) . In the present study analysis of patterns of ingestion revealed that bout licks, but not number of bouts or mean bout lick rate (calculated by dividing the number of licks in a bout by the bout length), to corn oil were lower in GLX rats compared with their sham-operated counterparts. These findings indicate that it is not the number of bouts initiated but rather how long the bout is maintained and when it is terminated that contributes to the decreased corn-oil intake in the nerve-transected animals. Moreover, because bout number dropped in the SHAM animals across concentration as well, the stability of corn oil intake in that group during those tests was attributable to the counteracting increase in bout licks.
As a comparison, we also tested a range of concentrations of a preferred non-lipid caloric stimulus, glucose. The total number of licks to glucose over daily 23-h sessions was significantly decreased in GLX rats compared with their SHAM controls, but the concomitant decrease in total intake failed to reach statistical significance. The transection-induced drop in licking did not appear to be due to a decrease in the number of bouts initiated or bout lick rate but rather a decrease in the number of licks in a bout.
However, unlike the striking effect of GL transection on corn oil, these various ingestive pattern parameters for glucose were not significantly different between the two groups.
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Thus, overall, the effect of GL transection on glucose licking was quite marginal relative to the robust effect the neurotomy had on corn oil ingestion.
For corn oil, the results clearly point to bout size as being the central feature of the ingestive pattern that was sensitive to our manipulations of concentration and peripheral gustatory input. It is generally well accepted that at least three factors can influence meal size. First is the physiological state of the animal at the start of a meal. Food deprived animals will eat a larger meal when food first becomes available. During ongoing ingestion with unlimited food access, however, the physiological status of the animal from meal to meal becomes more complex because a given meal can modulate internal state. Second is the strength and temporal trajectory of inhibitory signals from the gut as a result of the accumulating postingestive load during the bout. Third, are the excitatory signals arising from the oral cavity and other head receptor systems such as olfaction (see 11, [12] [13] [14] . Glossopharyngeal nerve transection and corn oil intake, 17
paradigm -a testable prediction based on the outcomes of our experiment. Finally, although speculative, it is also possible that GL transection changes postingestive digestive processing of corn oil by removing the afferent limb of cephalic phase reflex modulation of the gut; this could potentially promote earlier satiation or perhaps even mild aversion.
As noted above, the effects of GL transection may be related to the elimination of somatosensory or taste input from the posterior tongue, but it also might be related to the removal of parasympathetic efferents innervating the von Ebner's glands. In rats, these glands secrete lingual lipase, thought to play a role in breaking down ingested fats, into the trenches of the circumvallate and foliate papillae (17) the decreased response to corn oil observed in GLX rats. These possible explanations of the effect of GL transection on corn oil intake discussed above are not necessarily mutually exclusive. In fact, it is likely a combination of various factors that lead to the effect observed in GLX rats.
In the current study, at least for glucose, preference in the two-bottle test was lower for GLX rats only at the lower concentrations, and thus it does not appear that GL transection substantially alters the hedonic component (related to ingestive motivation) of the stimulus. On the other hand, preference ratios for glucose in both groups were high and thus it is possible that in the absence of a ceiling effect, group differences for preferences at the higher concentrations could have been observed. Nevertheless, it is fundamentally clear that the effect of the neurotomy was far more robust on the ingestion of corn oil than glucose. Evidence in the literature indicates that interlick intervals or licks to water do not significantly differ between rats that received GLX surgery or SHAM surgery (48, 50) suggesting the decrease in intake observed in GLX rats in the present study is not attributable to any substantial motor impairment. Rather, there appears to be some degree of chemospecificity associated with the effect of GL transection on the ingestion of caloric fluids. The scope of this specificity remains to be investigated.
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Perspectives and Significance
The findings discussed here interestingly connect two vexing questions that have confronted gustatory researchers. First, what is the role of the GL in taste function, and, second, is there a fat taste quality? Although GL transection does produce some deficits in some taste-related behaviors, such as a reduction in quinine-stimulated gaping, for the most part, the removal of this nerve, which innervates the majority of taste buds in the rat oral cavity, is without functional consequence. As detailed above, the case for the Glossopharyngeal nerve transection and corn oil intake, 27
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